Prior to use, hydrogen peroxide was standardized by permanganate titration (refer to the Japanese Pharmacopoeia, 14th ed., 391) and diluted with purified water. AABD-DPP, MTBD-DPP and sodium tungstate dihydrate were dissolved in methanol. A simple batch method for the fluorometric determination of hydrogen peroxide using phosphine-based fluorescent reagents has been developed. A rapid, mild and selective derivatization reaction was achieved by adding sodium tungstate dihydrate to the reaction mixture of hydrogen peroxide and a phosphine-based fluorescent reagent. When 4-diphenylphosphino-7-methylthio-2,1,3-benzoxadiazole was used as a reagent, the derivatization reaction was completed after 2 min at room temperature. The calibration curve was linear between 12.5 and 500 ng hydrogen peroxide in a 10 μL sample solution. This method is accurate and has potential for on-line applications.
Introduction
The determination of hydrogen peroxide has many applications in industrial, environmental, biochemical and clinical fields. For example, hydrogen peroxide is used in industry for bleaching, cleaning and disinfection, 1 and is released to the environment in large quantities. 2 Because hydrogen peroxide is the product of many oxidase-mediated reactions (such as glucose-glucose oxidase system), its measurement enables the oxidase activity or the numerous substrates to be assayed. 3, 4 It is also possible to evaluate the hydrogen peroxide scavenging activity of antioxidants. 5 Furthermore, hydrogen peroxide is a major reactive oxygen species in living systems, and is related to many diseases. [6] [7] [8] Therefore, much effort has been expended to its detection, and several methods have so far been reported, including permanganate titration, spectrophotometry, 9,10 fluorometry, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and chemiluminescence; 25, 26 the appropriate method is chosen depending on the particular situation.
Fluorometry is well known for its high sensitivity, and is widely used with a simple batch method. In particular, because of their high sensitivity and selectivity, horseradish peroxidase (HRP)-catalyzed fluorogenic reactions have been applied to the monitoring of hydrogen peroxide. [11] [12] [13] [14] However, HRP has shortcomings: it is expensive, it is not sufficiently stable in solution, and its conditions of use are restricted. Therefore, it would be interesting to develop a chemical approach: the use of stable artificial mimetic peroxidase as an alternative to HRP, [15] [16] [17] or the use of fluorescent reagents, which form fluorescent derivatives from non-fluorescent reagents after the reaction with hydrogen peroxide under non-enzymatic condition. [18] [19] [20] [21] [22] Among them, phosphine-based fluorescent reagents [21] [22] [23] [24] that contain a phosphine moiety and whose fluorescence is enhanced after the oxidation could be one of the great tools. According to our previous study, the non-enzymatic detection of hydrogen peroxide has been achieved with such reagents, although there have been some problems: e.g., the reaction conditions necessary for derivatization are not suitable for routine measurements (at 50 -60˚C for >1 h), and the selectivity for hydrogen peroxide over hydroperoxides is low (data not reported).
In this paper, we report on a rapid, simple, selective and accurate method for the determination of hydrogen peroxide using recently developed phosphine-based fluorescent reagents. The rapid, mild and selective derivatization reaction is achieved by the addition of sodium tungstate dihydrate.
Experimental

Reagents
Phosphine-based fluorescent reagents (4-acetylamino-7-diphenylphosphino-2,1,3-benzoxadiazole (AABD-DPP) and 4-diphenylphosphino-7-methylthio-2,1,3-benzoxadiazole (MTBD-DPP)) were synthesized as previously described. 24 Water was purified using the Yamato autostill WG 510. Other chemicals were of guaranteed reagent grade and used without further purification. Methanol, acetonitrile, hydrogen peroxide and sodium tungstate dihydrate were purchased from Wako (Osaka, Japan); tert-butyl hydroperoxide and cumene hydroperoxide were purchased from Aldrich (St. Louis, MO, USA). Disinfectant for pharmaceutical use was purchased from a local drugstore and used as a representative of a real sample.
Detection of fluorescence
A Shimadzu RF-5000 fluorescence spectrophotometer was used for detection.
were diluted with methanol. The derivatization reactions were carried out at room temperature in a 1-cm pathlength quartz cell for use in a fluorescence spectrophotometer. Optimization of reaction conditions. AABD-DPP or MTBD-DPP (100 μL; 300 μM), sodium tungstate dihydrate (100 μL; 0 or 300 μM) and hydrogen peroxide (10 μL; 0, 100 or 500 ng/10 μL) were placed in a cell and mixed by shaking. After 0 -5 min, 2.79 mL of methanol-water (1:1) (for AABD-DPP) or acetonitrile (for MTBD-DPP) was added, and the fluorescence intensity of the solution was then measured: at 492 nm with an excitation at 360 nm for AABD-DPP and at 495 nm with an excitation at 384 nm for MTBD-DPP. Evaluation of selectivity. MTBD-DPP (100 μL; 300 μM), sodium tungstate dihydrate (100 μL; 300 μM) and sample solution (10 μL) were placed in a cell and mixed by shaking. The samples used were hydrogen peroxide (100 ng/10 μL, equivalent to 294 μM), tert-butyl hydroperoxide (294 μM) and cumene hydroperoxide (294 μM). After 2 min, acetonitrile (2.79 mL) was added and the fluorescence intensity of the solution was measured at 495 nm with excitation at 384 nm. Calibration curve. Different concentrations of hydrogen peroxide (0, 12.5, 25, 50, 100, 200, 300, 400 and 500 ng/10 μL) were used. All other conditions and procedures were the same as described in the "Evaluation of selectivity" section. Measurements were performed three times and the mean values were plotted. Analysis of hydrogen peroxide in disinfectant sample. The concentration of hydrogen peroxide in the disinfectant sample was determined. Prior to use, the sample was diluted with purified water. All other conditions and procedures were the same as described in the "Evaluation of selectivity" section. The result was compared with that from permanganate titration. For an accuracy and precision study, hydrogen peroxide (1 mL; 0, 50, and 500 ng/10 μL) was added to the diluted disinfectant sample (1 mL), and 10 μL of the mixture was analyzed.
Results and Discussion
Choice of sodium tungstate dihydrate and optimization of reaction conditions
In this study, AABD-DPP and MTBD-DPP, which showed over a 100-fold fluorescence enhancement after oxidation (AABD, 420-fold in methanol-water (1:1); MTBD, 103-fold in acetonitrile), 24 were used as phosphine-based fluorescent reagents (Fig. 1) . According to our previous study, the reactions of hydrogen peroxide with AABD-DPP and MTBD-DPP were completed at 60˚C for 1.5 h and 1 h, respectively (data not reported). We tried to find some chemicals that would accelerate the reaction and allow milder conditions to be used.
The first candidate was sodium tungstate dihydrate, chosen because it is widely used as a catalyst for oxidation by hydrogen peroxide in organic systems. [27] [28] [29] As shown in Fig. 2 , the reaction was complete at room temperature within 2 min (f) in the presence of sodium tungstate dihydrate, but scarcely 816 ANALYTICAL SCIENCES JUNE 2006, VOL. 22 proceeded in its absence (A). These data indicate that sodium tungstate dihydrate accelerates the reaction between hydrogen peroxide and phosphine-based fluorescent reagents. In the absence of hydrogen peroxide (only reagents and sodium tungstate dihydrate), the reagents were not oxidized after at least 5 min, suggesting that sodium tungstate dihydrate, itself, does not affect the oxidation. When a higher concentration of hydrogen peroxide (500 ng/10 μL) was reacted with MTBD-DPP, the reaction was completed within 2 min (Fig. 2b, s) . In contrast, it took over 5 min when AABD-DPP was used (Fig.  2a, s) . Therefore, for further investigations, we used MTBD-DPP and sodium tungstate dihydrate as the phosphine reagent and catalyst, respectively. The reaction time was 2 min.
Evaluation of selectivity
Phosphine-based fluorescent reagents have been reported to react with hydroperoxides at 50 -60˚C, 21, 23, 24 and the selectivity for hydrogen peroxide over hydroperoxides was low in the absence of sodium tungstate dihydrate. To investigate the selectivity of our method, the reaction was tested using hydroperoxides in place of hydrogen peroxide. As shown in Fig. 3 , tert-butyl hydroperoxide and cumene hydroperoxide hardly reacted with MTBD-DPP, even in the presence of sodium tungstate dihydrate. These results demonstrate that sodium tungstate dihydrate does not accelerate the reaction of hydroperoxides with phosphine-based fluorescent reagents; thus, our method is selective for hydrogen peroxide over hydroperoxides.
Taking a previous report 27 into consideration, the reaction mechanism is believed to involve the oxidation of sodium tungstate dihydrate by hydrogen peroxide to form peroxytungstic acids, which react with phosphine. We suggest that the hydroperoxides are too bulky to oxidize the sodium tungstate dihydrate under the conditions used.
Analysis of hydrogen peroxide
The obtained calibration curve is shown in Fig. 4 . A good linear correlation is observed between 12.5 and 500 ng/10 μL hydrogen peroxide (r > 0.999), indicating that the method is suitable for measuring hydrogen peroxide.
The mean (±SD) concentration of hydrogen peroxide in a disinfectant for pharmaceutical use before dilution was determined using this method to be 279 (±1.8) μg/10 μL (n = 5). This result compares well with the result obtained by permanganate titration, 281 (±0.4) μg/10 μL (n = 5). The accuracy and precision data are given in Table 1 . Both the intraday and interday accuracy and precision are satisfactory for the analysis of hydrogen peroxide in real samples. This rapid, simple, selective and accurate method has potential for more sensitive determinations via on-line applications.
